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Corresponding Author: 26 # Gustavo Palacios, PhD 27 Director, Center for Genomic Sciences 28 Bunyaviridae is an example. The Simbu serogroup currently consists of a highly diverse 38 group of related arboviruses that infect both humans and economically important 39 livestock species. Here, we report complete genome sequences for 11 viruses within this 40 group, with a focus on the large and poorly characterized Manzanilla and Oropouche 41 species complexes. Phylogenetic and pairwise divergence analyses indicate the presence 42 of high-levels of genetic diversity within these two species complexes, on par with that 43 seen among the five other species complexes in the Simbu serogroup. Based on 44 previously reported divergence thresholds between species, the data suggest that these 45 two complexes should actually be divided into at least five species. Together these five 46 species form a distinct phylogenetic clade apart from the rest of the Simbu serogroup. 47
Introduction 53
Globalization of travel and trade, climate change and ever-growing human 54 population sizes are all contributing to an increase in the emergence of pathogenic viruses 55 (Lipkin, 2013) . Many of these viruses are coming from well characterized and expected 56 groups (e.g., influenza, flaviviruses), whereas others belong to groups that have been 57 largely ignored by past surveillance programs. An example of the latter group are 58 members of the genus Phlebovirus, which, with the notable exceptions of Rift Valley 59 fever and Toscana viruses were generally thought to be of little current public health 60 importance until the recent emergence of Severe Fever with Thrombocytopenia 61 Syndrome virus (SFTSV) and Heartland virus (HRTV) (McMullan et al., 2012; Yu et al., 62 2011) . Another, even larger, neglected group is the orthobunyaviruses. Due to their 63 abundance and diversity, many orthobunyaviruses have yet to be fully sequenced and 64 there are likely many others that have yet to be detected. However, a thorough 65 understanding of the sequence diversity of such circulating viruses is a critical part of 66 surveillance and preparedness for future disease outbreaks. 67
Orthobunyavirus is the largest genus in the Bunyaviridae family with over 170 68 named viruses corresponding to 18 different serogroups and 48 species complexes 69 (Elliott & Blakqori, 2011; Nichol et al., 2005) . Although the term 'serogroup' is not 70 currently utilized by the International Committee on Taxonomy of Viruses (ICTV), the 71 concept of serogroups has played an important historical role in viral taxonomy (Calisher 72 & Karabatsos, 1988) ; the classification of arthropod-borne viruses (arboviruses) was 73 initially based on antigenic relationships revealed by serological tests. (Casals, 1957) . In 74 general, genetic-based classifications are starting to supplant antigenic classifications; 75 5 however, due to the lack of genetic information for many named viruses in Bunyaviridae, 76 most current taxonomic assignments are still based on serological criteria (Nichol et al., 77 2005; Plyusnin et al., 2012) . Thus in this report, in the interests of continuity and clarity, 78 the term "serogroup" will continue to be used for a group of serologically related viruses 79 and the term "species complex" will be used for ICTV-defined (Nichol et al., 2005 ) 80 groups of closely related, differently named viruses whose exact taxonomic status 81 remains uncertain because of slight antigenic variation or differences in host range, 82 vector species, geographic distribution and/or pathogenic potential from the designated 83 type species. The purpose of the present report is to explore genetic diversity within the 84 (Kinney & Calisher, 1981 ). Yet, these are two of the largest species complexes within the 98 6 Simbu serogroup, and the Oropouche species complex is the only one with members that 99 are known to cause human disease. The lack of complete genomes for all members of 100 these species complexes impacts diagnostic capacity (e.g., the ability to identify 101 conserved/divergent regions for primer design in PCR applications and for recognition 102 with sequence-based diagnostic methods); it also prevents the recognition of reassortants. 103
Here we utilize high-throughput sequencing technologies to improve our 104 understanding of the diversity and evolutionary history of these two species complexes 105 by obtaining full genome sequences for 11 previously uncharacterized viruses, including 106 the three remaining members of the Oropouche species complex, four of the five 107 members of the Manzanilla species complex and four other unssigned viruses that have 108 demonstrated genetic and/or antigenic similarities to one of these two species complexes. 109
In order to compare the sequences with previous taxonomic characterizations, serological 110 comparisons were conducted among these 11 uncharacterized viruses and the other fully 111 sequenced members of these two species complexes. 112
Results & Discussion 113

Genome Sequences 114
Genome sequences for 11 viruses (Table 1) were obtained through de novo 115 assembly from either 454 (Roche) or Illumina sequences. Each sequenced 116 orthobunyavirus genome consisted of three distinct RNA segments, and the sizes and 117
organization of the open-reading frames (ORFs) were generally consistent with what has 118 been previously described for the genus (Plyusnin et al., 2012) (Table S1 ). The 3' 119 terminal sequence was obtained for 18 segments (9 different viruses) and the 5' terminal 120 sequence was obtained for 7 segments (5 different viruses). In all cases, the ten most 121 terminal nucleotides were identical to those that have previously been reported for the 122 genus (Plyusnin et al., 2012) . Segments without sufficient coverage to assemble the ends 123 were completed using primers targeting these conserved terminal sequences. The largest 124 (L) genome segment of Orthobunyavirus contains a single ORF that encodes an RNA 125 polymerase; in our sequences, this ORF ranged in size from 6756-6783 bases. The 126 medium-sized (M) segment also contains a single ORF, which encodes a polyprotein that 127 is co-translationally cleaved into two envelope glycoproteins and a non-structural protein. comparisons between these two clades fall at or below the proposed 59% similarity cutoff, 174 and 90.8% (109/120) of the pairwise comparisons are below a similarity cutoff of 60%, 175 while all intra-clade comparisons are well above these cutoffs. In general, we found 176 levels of intra-and inter-serogroup genetic similarity to be less distinct when comparing 177 the S segments and no pairwise comparisons between clades A and B met the previously 178 proposed cutoff for different serogroups. However, 76.9% (120/156) of pairwise 179 comparisons between clades A and B exhibit <69% similarity, while all comparisons 180 10 within the two clades are above this threshold. Furthermore, this degree of S segment 181 similarity is on par with pairwise comparisons between members of the Wyeomyia and 182 Bunyamwera serogroups ( Figure 2) ; the former was not included in our previous analysis 183 (Savji et al., 2011) . Therefore, we argue that the level of evolutionary divergence 184 between these two Simbu serogroup clades is more consistent with levels of divergence 185 seen among the other orthobunyavirus serogroups than that seen within serogroups. 186
One of the hallmarks of the Simbu serogroup is its extensive geographic 187 distribution, and this has been suggested to be one of the major factors behind the high-188
level of genetic diversity found within this group (Saeed et al., 2001a) . Even if the two 189
Simbu serogroup clades are considered as distinct serogroups, both still exhibit extensive 190 geographic distributions ( Figure S3 ), which may explain the high levels of genetic 191 diversity within each of these two groups as compared to many other orthobunyavirus 192 serogroups ( Figure this species since this is the first of its members to be described (Shope et al., 1967) . Viruses and Arboviruses (WRCEVA) collection are identical. The largest discrepancy 296 between the JATV sequences described here and those that were previously reported lies 297 on the S segment where the two sequences are only 83.4% identical at the nucleotide-298 level (90.4% aa), with polymorphisms present throughout the ~700 nucleotide bases. The 299 M segment sequences, on the other hand, are essentially identical across the 570 bases 300 covered by the partial sequence, except for several differences at the ends of the partial M 301 sequence. We cannot account for these differences in the S segment sequences, as we 302 could not detect the previously published sequence in either of our JATV samples, but we 303 are confident in the quality of the genome sequence reported here. 3). Support for the relationships of these three taxa is extremely high in all trees (≥99 335 bootstrap). Sliding window analyses in RDP confirm that these disparate patterns of 336 divergence are consistent throughout each genomic segment, as expected with a 337 reassortment event along one of these three lineages. 338
IQTV was recently described as a reassortant between OROV and an unknown 339
Simbu serogroup virus based on partial sequences from the S and M segments (Aguilar et 340 al., 2011). Our results are consistent with this finding; furthermore, we have been able to 341 identify MDDV as a potential source for the M segment of IQTV. Natural reassortment 342 between MDDV and OROV is certainly plausible given their documented geographic 343 distributions; both viruses have been isolated from the Madre de Dios region of Peru, and 344 the S segment of IQTV is most similar to the S segments from clade II of OROV, which 345 is the only clade, thus far, that has been found in Peru (Aguilar et al., 2011; Saeed et al., 346 2000) . Interestingly, the level of amino acid divergence between OROV and both IQTV 347 and MDDV (41-42%) is on par with levels of divergence seen between species. Whether 348 this reassortment event has resulted in any changes in virulence, vectors or range has yet 349 to be determined. It is also important to keep in mind that with the current available data 350 it is impossible to know for certain which of these three viruses represents the true 351 reassortant (Briese et al., 2013) . Figures S5-S6 ). Based on the 359 high-levels of sequence divergence among all three groups of viruses (>45%), this 360 reassortment event is likely to have occurred many generations ago or to have involved 361 parental viruses that have yet to be isolated and/or sequenced. 362 JATV has been previously reported to be a reassortant with an S segment from 363 OROV and an M segment from an uncharacterized virus (Saeed et al., 2001b) . While our 364 18 findings are generally consistent with the overall conclusion of reassortment, our S 365 segment sequence is not consistent with the previously reported S segment (Saeed et al., 366 2001b ). The S segment in the previous publication fell within the OROV clade, whereas 367 our S sequence is a phylogenetic outgroup to the S segments of OROV, IQTV and 368 MDDV (Figure 3) . Our L segment is also consistent with this placement, demonstrating 369 that this is an S,L vs. M segment reassortment event. Also, based on the available data, it 370 is again impossible to distinguish which of the viral lineages involved represents the true 371 reassortant. 372
The third potential reassortment event involves Manzanilla species viruses. CQV 373 and INGV are sister taxa in the L/S trees, whereas CQV forms a clade with MANV and 374 MERV in the M segment tree (Figure 3) . The bootstrap support for these different 375 relationships, however, is lower than that seen in the other discrepancies and the RDP 376 analyses demonstrate that the divergence signals are not consistent across the genome 377 segments ( Figures S5-S6 ). Therefore, it is unclear whether this third discrepancy is due to 378 reassortment or simply the result of ambiguity in the patterns of divergence. 379
Conclusion 380
The addition of 11 fully sequenced genomes for viruses in the Manzanilla and 381
Oropouche species complexes has highlighted a deep evolutionary divide between these 382 two species complexes and the rest of the Simbu serogroup. With sequence data from all 383 three genome segments, we find compelling evidence to divide these two species 384 complexes into five distinct species, and we have also been able to identify three 385 potential reassortment events among viruses in these species. Two of these involve 386 viruses that infect humans, and levels of sequence divergence on the reassorted segment 387 19 are on par with divergences seen between species. Future work is needed to determine 388 whether any of these reassortments have affected virulence. 389 390 20
Materials and Methods 391
Virus Isolates 392
All virus stocks used in this study were obtained from the World Reference 393 All other strains were processed at the Center for Genome Sciences, USAMRIID, 437
Ft. Detrick. For these strains, total RNA was extracted from viral supernatant preserved 438 in TRIzol LS and was amplified using sequence independent single primer amplification 439 (SISPA) as previously described (Djikeng et al., 2008) . Amplicons were sheared to ~400 440 bp and used as starting material for Illumina TRU-seq DNA libraries. Sequencing was 441 performed on a HiSeq 2500. Primers were trimmed from the sequencing reads using 442
Cutadapt (Martin, 2011) , quality filtering was conducted with Prinseq-lite (Schmieder & 443 Edwards, 2011) and then genomes were assembled using Ray Meta (Boisvert et al., 444 2012) in combination with custom scripts. When necessary, terminal sequences were 445 completed through PCR and dideoxynucleotide sequencing using a universal 446 orthobunyavirus primer targeting the conserved viral termini (5'-AGT AGT GTR C-3') 447 in combination with specific primers designed from the sequences generated from the de 448 novo assembly. In addition, four genomes were confirmed with dideoxynucleotide 449 sequencing (BUTV, FPV, UTIV and UVV). These include the six genome segments with 450 the lowest levels of sequence coverage (30-767x). These sequences confirmed the high-451 quality of assemblies achieved through these methods. 452
453
Phylogenetic analysis 454
Separate phylogenetic analyses were conducted for each of the three genome 455 segments using only the protein coding portions of the genome. Orthobunyavirus 456 sequences from GenBank were included to provide a representative picture of the entire 457 genus; many of the sequences included cover only a portion of the coding region. 458
Sequences were aligned using the CLUSTAL algorithm, which was implemented at the 459 23 amino-acid (aa) level in MEGA v5.1 (Tamura et al., 2011) with additional manual editing 460 to ensure the highest possible alignment quality. Neighbor-joining analyses using p-461 distance at the amino-acid level were performed. The statistical significance of the tree 462 topology was evaluated by 1000 replications of bootstrap re-sampling. Phylogenetic 463 analyses were performed using MEGA v5.1 (Tamura et al., 2011) . 464 465
Reassortment Analysis 466
To identify potential reassortment events, the data was mined for evidence of 467 phylogenetic discordance. For this analysis, additional phylogenetic trees were 468 constructed, which included only fully sequenced members of the Oropouche and 469
Manzanilla species complexes. These trees were constructed from the same alignments 470 used above; however, to provide additional power, these trees were conducted using a 471 maximum-likelihood framework at the nucleotide-level (implemented in MEGA v5.1 472 (Tamura et al., 2011) with the Tamura-Nei substitution model, partial deletion, uniform 473 rates among sites and 1000 bootstrap replications). Potential reassortment events were 474 then verified using the manual BOOTSCAN (Martin et al., 2005) 
